Recent studies indicate that regulation of the actin cytoskeleton is important for protein trafficking, but its precise role is unclear. We have characterized the ARF1-dependent assembly of actin on the Golgi apparatus. Actin recruitment involves Cdc42/Rac and requires the activation of the Arp2/3 complex. Although the actin-binding proteins mAbp1 (SH3p7) and drebrin share sequence homology, they are differentially segregated into two distinct ARF-dependent actin complexes. Importantly, the binding of mAbp1, which localizes to the Golgi apparatus, but not drebrin is blocked by occupation of the p23/p24 cargo-protein-binding site on coatomer. Exogenously expressed mAbp1 is mislocalized and inhibits Golgi transport in whole cells. The ability of ARF, vesicle-coat proteins, and cargo to direct the assembly of cytoskeletal structures helps explain how only a handful of vesicle types can mediate the numerous trafficking steps in the cell.
INTRODUCTION
A rapidly growing body of evidence shows that the cytoskeleton is important for the regulation and organization of both the exocytic and endocytic functions of the secretory pathway. For example, recent evidence indicates roles for the actin cytoskeleton during clathrin-mediated endocytosis and for transport at the Golgi apparatus. An actin/spectrin/ankyrin cytoskeleton has been implicated in protein transport to and from the Golgi (De Matteis and Morrow, 2000) . Most importantly, when actin is disrupted with the toxin cytochalasin B, protein transport through the Golgi apparatus is inhibited (Hirschberg et al., 1998) . Similarly, when spectrin binding to the Golgi is blocked (Godi et al., 1998) , or when the function of the rho-family GTP-binding protein, Cdc42-a regulator of actin rearrangement-is disrupted , protein transport from the ER to the Golgi is inhibited. In addition to the defects in the early secretory pathway, Cdc42 function is important for late Golgi protein transport and sorting in polarized epithelial cells (Kroschewski et al. 1999; Müsch et al., 2001 ).
Consistent with the defects in protein transport described above are biochemical and immuno-electron microscopy studies showing that actin, actin-binding proteins and myosin are bound to Golgi membranes and Golgi-derived vesicles (Heimann et al., 1999; Valderrama et al., 2000, De Matteis and Morrow, 2000) . A study showing that disrupting actin has effects on Golgi morphology also provides good evidence that the actin cytoskeleton functions at the Golgi (Valderamma et al., 1998) . Together, the above studies suggest an important role for the actin cytoskeleton and signaling pathways that affect actin in protein trafficking to and from the Golgi apparatus. Despite this progress, the precise role that actin plays in protein trafficking at the Golgi remains to be determined.
One clue to the role of actin at the Golgi apparatus is the finding that ADP-ribosylation factor (ARF), the GTP-binding protein that plays an essential role in regulating the assembly of transport vesicles (Mellman and Warren, 2000) , also regulates the actin cytoskeleton. At the plasma membrane, ARF6 regulates clathrin/AP2-independent endocytosis and the assembly of filopodia and cortical actin (Radhakrishna et al., 1999; Boshans et al., 2000; Mostov et al., 2000) . At the Golgi apparatus, ARF1
has been shown to regulate the binding of actin and spectrin to the membrane (Godi et al., 1998 , Fucini et al., 2000 . We have shown previously that at least two pools of actin with distinct properties are assembled on Golgi membranes upon ARF activation (Fucini et al., 2000) . Phosphatidylinositol (PI)-4-kinase, PI-5-kinase, and Rho family GTP-binding proteins have been implicated as effector proteins in ARF-mediated regulation of the actin cytoskeleton (Godi et al., 1999; D'Souza-Schorey et al., 1997; Honda et al., 1999; Boshans et al., 2000) .
Besides the clear role for ARF1 in Golgi function, numerous studies indicate that the Golgi apparatus is a site for Cdc42 function. Cdc42, and components of Cdc42 signaling pathways are localized to the Golgi in several cell types (Erickson et al., 1996; Maccallum et al., 1998; Kroschewski et al. 1999) . Studies using whole cells indicate that Cdc42 levels on the Golgi are sensitive both to brefeldin A (BFA), an inhibitor of ARF activation, and to the expression of mutant ARF isoforms (Erickson et al., 1996) .
Importantly, a recent study shows that Cdc42 interacts with the γ-COP subunit of coatomer, the major coat component of Golgi-derived COPI transport vesicles . This interaction is implicated in regulating protein trafficking and in the ability of a mutant form of Cdc42 to transform cells.
To help elucidate the role of actin in Golgi function and vesicular transport, we have further characterized the ARF-dependent actin assembly at the Golgi. We show that interactions between proteins involved in transport vesicle assembly and proteins involved in Cdc42-dependent actin signaling function to assemble specific actin structures on the Golgi. Our data indicate a role for actin early in vesicle assembly.
MATERIALS AND METHODS

Reagents
Rat-liver Golgi membranes and bovine-brain cytosol were isolated as described previously (Malhotra et al.,1989) . Recombinant myristoylated ARF1 was expressed in E.
coli and purified using DEAE-sepharose as described previously (Helms et al., 1993) . Coatomer was purified as described by Waters et al., (1992) . C. difficile toxin B (Tech Lab Inc., Blacksburg VA), C. botulinum exoenzyme C3 (Cytoskeleton), brefeldin A (Calbiochem) were obtained commercially. The following antibodies were used in these studies: anti-actin (Sigma), anti-β-COP (Sigma), anti-Cdc42 (Zymed Laboratories Inc.), anti-Rac (Cytoskeleton), anti-Rho (Cytoskeleton), anti-drebrin (MBL), anti-α-mannosidase II (Covance).
Expression of WASP-CA and N-WASP-CA GST fusion proteins
The glutathione S-transferase (GST)-fusion proteins containing the C-terminal CA regions of human WASP or rat N-WASP were obtained by expression in E. coli as described previously (Rohatgi et al., 1999; Miki et al., 1996) . Briefly, cDNA fragments encoding the amino acids 449-505 of human WASP and amino acids 450-501 of rat N-WASP were amplified by polymerase chain reaction using synthetic oligonucleotide primers and then inserted into the BamH1/EcoR1 sites of pGEX 4T-2 (Pharmacia). The recombinant plasmids were expressed in E. coli, and purified from lysates by elution from glutathione-sepharose beads (Amersham-Pharmacia) according to the manufacturer's instructions. For control incubations, GST alone was expressed from the pGEX 4T-2 plasmid and purified exactly like the fusion proteins.
Generating anti-mAbp1 antibodies
A rat EST clone representing the C-terminal 30 amino acids (aa 406-436) of Abp1 was kindly provided by Dr. M.B. Soares (GenBank accession number AA859856). This amino acid sequence is located in the putative SH3 domain, and is identical to the mAbp1 C-terminus . PCR amplified products of this sequence were ligated into the pGex4T-2 vector (Pharmacia), and the GST-fusion protein was expressed in E. coli and purified as mentioned above.
To raise polyclonal antibodies against mAbp1 (aa 406-436), the GST-fusion protein (500 µg) was mixed 1:1 with complete Freund's adjuvant (Difco Labs, Detroit, MI) and injected into rabbits. After an initial 3-week interval, rabbits were boosted using incomplete adjuvant every 2 weeks. Rabbits were bled and positive sera were identified by immunoblot analysis of a dilution series of purified , bovine brain cytosol, and a phalloidin precipitate of bovine brain cytosol. Anti-mAbp1 antibodies were affinity purified by binding to recombinant mAbp1 immobilized on nitrocellulose and eluting with 100 mM glycine buffer pH 2.5. Anti-GST antibodies were subtracted from the serum by passing it through GST-coupled beads.
Golgi-binding reactions
One-or two-stage Golgi-binding assays were carried out and membranes were reisolated as described previously (Fucini et al., 2000) , except that cytosol was omitted from the first stage of the two-stage reactions and replaced by recombinant ARF1 and/or BFA as indicated in the figures. The final reaction volume was 0.5 ml. The final GTPγS concentration was 20 µM when included. For the experiments using BFA, both the membranes and the cytosol for the second-stage reaction were incubated with 400 µM BFA or with the methanol solvent (2% final) as a control. Reactions containing toxin B also included 100 µM UDP-glucose as a substrate for glucosylation and 100 µM NAD was included in the incubations with C3 exoenzyme as a substrate for ADP-ribosylation.
For the extraction of actin with high salt, the Golgi membranes were washed with 250 mM potassium chloride and reisolated by centrifugation as described previously for the extraction of COPI-coated vesicles (Fucini et al., 2000) . Coatomer-depleted cytosol was prepared by fractionating the bovine brain cytosol using a Sephacryl S-200 column. The column fractions were analyzed by Western blotting with anti Cdc42 and anti β-COP antibodies. The fractions devoid of coatomer were pooled and concentrated using a Centricon filtration device (Millipore).
Western blotting
Proteins were fractionated using SDS-PAGE and blotted onto PVDF membranes using standard protocol for the BioRad minigel and blotting apparatuses. Following the transfer, the membranes were incubated with appropriate dilutions of the indicated primary antibodies. The signal was visualized using HRP-conjugated secondary antibodies (Bio-Rad) and ECL (Amersham). Where indicated, the signals were quantitated using densitometry.
Immunofluorescence
NRK cells were plated onto cover slips and after 24 hours the cells were washed with phosphate buffered saline, fixed with 4% formaldehyde and permeabilized using 0.1% Triton X-100 for 4 minutes at room temperature. The formaldehyde was quenched with 50 mM ammonium chloride for 10 minutes at room temperature. The cells were washed 3 times with PBS and blocked with 2.5% donkey serum in PBS for 2 hours at 4ºC.
Appropriate dilutions of the anti-mAbp1, anti-mannosidase II, and anti-β-COP antibodies in the blocking buffer were added to the cells for 2 hours at 4ºC. The cells were washed 3 times with PBS and FITC-conjugated anti-mouse and Texas-Red-conjugated anti-rabbit secondary antibodies were added in blocking buffer for 1 hour. The cells were washed three times, mounted on slides, and analyzed on a confocal microscope (BioRad).
VSV G protein transport assay
The cell line Gts-NRK (a gift from Dr. V. Malhotra) that stably expresses the temperature-sensitive ts045-VSVG was maintained by growth at the permissive temperature 32ºC in α-MEM plus 5% fetal calf serum. The plasmid for the expression of myc-tagged full length mAbp1 was constructed using pRK5 as described in Kessels et al., (2001) . The plasmid pEGFP-C3 (Clontech) was used for the expression of GFP in controls. For the assays, cells were grown on coverslips and transfected with the mAbp1 expression plasmids using lipofectamin reagent (Gibco BRL). Transfected cells were incubated for 14-16 hours at the restrictive temperature (39.5ºC) to accumulate VSV G protein in the ER. VSV G protein was released from the temperature block by switching the cells to 32ºC media containing 10 µg/ml cyclohexamide. The cells were incubated for 15 minutes at 32ºC and processed for immunofluorescence. VSV G protein was visualized using the monoclonal antibody P5D4 and the myc-tagged mAbp1 proteins were detected using a chicken polyclonal anti-myc antibody (Aves labs).
RESULTS
ARF activation is necessary but not sufficient for actin binding to Golgi membranes
Using a cell-free binding assay, we showed previously that actin assembles in a GTPγS-dependent and BFA-sensitive manner on Golgi membranes (Fucini et al., 2000) . To prove that ARF is involved in actin recruitment to the Golgi, and to provide a system for the further dissection of signaling events involved in GTPγS-dependent actin assembly on the Golgi, we investigated whether this process could be reconstituted with recombinant myristoylated ARF1.
If the BFA effects on Golgi actin assembly are mediated through inhibiting the nucleotide exchange activity for ARF, then binding activated ARF to the membrane prior to the addition of BFA is predicted to prevent the inhibitory effects of this toxin.
Therefore, two-stage Golgi-binding assays were carried out to examine the effects of purified ARF1 and BFA on Golgi actin assembly (Figure 1 ). In the first stage, Golgi membranes were pretreated with GTPγS alone or GTPγS plus ARF1 and then incubated with BFA or a solvent control. The Golgi membranes were reisolated and incubated in a second-stage reaction that contained cytosol and GTPγS. BFA inhibited both actin assembly and the recruitment of coatomer during the second-stage incubation when recombinant ARF1 was omitted from the first-stage incubation ( Figure 1A , lanes 1 and 2). By contrast, when activated ARF1 was preloaded onto the membrane, BFA had no effect on actin levels or on coatomer binding (lanes 3 and 4). This result shows that the effects of BFA on both coat binding and actin assembly are mediated by inhibiting ARF activation. Thus, activated ARF is clearly necessary for actin assembly on the Golgi membranes.
The reconstitution of actin assembly with purified recombinant ARF1 provided a means to further characterize the role of ARF in this process. In this regard, two-stage incubations were carried out to determine whether ARF is not only necessary but also sufficient to mediate the GTPγS-dependent actin assembly on the Golgi ( Figure 1B ). In the first stage, Golgi membranes were incubated with or without ARF1 and GTPγS and reisolated by centrifugation as before. The membranes were then incubated in a second stage with either cytosol alone or cytosol plus GTPγS. As expected, whenever GTPγS was included in the second stage together with cytosol, both actin assembly and coatomer binding were observed ( Figure 1B , lanes 2 and 4). When recombinant ARF1 was prebound to the membrane in stage 1, no additional GTPγS was required in the second stage for coatomer binding (lane 3). Unexpectedly, when ARF1 was prebound to the Golgi membranes (lanes 3 and 4), actin assembly was observed in the second stage only when GTPγS was included in the incubation. Thus, ARF activation is necessary for both actin assembly and coatomer binding ( Figure 1A ), yet it is sufficient only for coatomer binding ( Figure 1B ). The GTPγS requirement for actin assembly in the second-stage incubation implicates a second GTP-binding protein, in addition to ARF, in regulating actin levels on the Golgi membranes.
ARF-dependent actin assembly requires Cdc42
Members of the Rho family of GTP-binding proteins are principally involved in regulating dynamic rearrangements of the actin cytoskeleton (Hall and Nobes, 2000) and play important regulatory roles in protein trafficking (Garrett et al., 2000) . Thus, these proteins seemed to be good candidates for the second GTP-binding protein involved in the ARF1-dependent actin assembly on the Golgi membranes. We tested this possibility by measuring the Golgi-associated actin levels in the presence of specific inhibitors of the Rho-related GTP-binding proteins. When C. difficile toxin B, which inhibits Rho-family members through glucosylation (Boquet, 1999) , was added to the Golgi-binding assay, actin assembly was blocked in a dose-dependent manner (Figure 2A ). While toxin B, completely blocked the ARF/GTPγS-dependent assembly of actin on the Golgi membranes, it had little effect on coatomer binding (Figure 2A ). This result indicates that ARF-dependent actin assembly, but not ARF-mediated vesicle-coat assembly requires the activity of a Rho-like GTP-binding protein. In order to further define which Rho family member acts downstream of ARF in this process, we used exoenzyme C3 from C. botulinum which specifically ADP-ribosylates Rho, but not Rac and Cdc42 (Boquet, 1999) . The addition of exoenzyme C3 had little or no effect on Golgi actin assembly ( Figure 2B ). C3 exoenzyme was also without effect on coatomer recruitment.
These results suggest that a Rho family member, but not Rho itself, is required for actin binding.
Based on these results, one way that ARF could regulate actin assembly is by affecting the levels of the Rho-family GTP-binding proteins on the Golgi membranes.
We tested this possibility by examining the levels of Cdc42, Rho, and Rac on Golgi membranes using the Golgi-binding assays (Figure 2 , C and D). All three Rho family members are present in the brain cytosol and in the membrane preparations used for these experiments ( Figure 2C, lanes 3 and 4) . Interestingly, the binding of Cdc42 and Rac to the Golgi membranes, but not Rho, was found to be GTPγS-dependent ( Figure 2C , lanes 1 and 2). The levels of Rac and Cdc42 on the membrane were markedly increased after the incubation (compare lanes 2 and 4) indicating that the bulk of the bound protein was derived from the cytosol. In order to determine if ARF was involved in the GTPγS-dependent localization of Cdc42 and Rac to the membranes, we examined the effects of both BFA and recombinant myristoylated ARF1 protein on Cdc42 and Rac binding. The levels of Cdc42 and Rac bound to the Golgi membranes appear to be strictly dependent on ARF activity. Figure 2D shows that in the presence of BFA, there is a significant decrease in the levels of these two GTP-binding proteins bound to the Golgi membranes. The results from the toxin and binding experiments suggest that Rac or Cdc42 are likely candidates to mediate actin assembly on the Golgi. Rac and Cdc42 are often observed to behave similarly in vitro and both interact with CRIB (Cdc42/Rac interactive-binding) domains (Hoffman and Cerione, 2000) . Several lines of evidence suggest that Cdc42 may be important for Golgi function. Cdc42 and the Cdc42 effector protein, IQGAP, are found to be localized to the Golgi apparatus, and the localization of Cdc42 is disrupted by the expression of dominant-negative but not wild-type ARF (Erickson et al., 1996; McCallum et al., 1998) . We have also examined the subcellular localization of the Rho-family members in NRK cells and found that Cdc42 localizes to the Golgi apparatus (data not shown).
The recently described interaction between coatomer and Cdc42 could be responsible for mediating the ARF-sensitive localization of Cdc42 to the Golgi membrane. We tested this possibility by examining whether coatomer was necessary for Cdc42 binding to the membranes. Figure 2E shows that Cdc42 does not bind Golgi from coatomer-depleted cytosol. Addition of purified coatomer complex restored the GTPγS-dependent binding (lanes 5 and 6). These results show that ARF mediates Cdc42 recruitment to the Golgi through the binding interaction between coatomer and Cdc42.
Cdc42 and Rac can act through the WASP/Scar proteins to trigger actin polymerization via the protein complex Arp2/3 (Mullins, 2000) . The C-terminal (Arp2/3-binding) domain of WASP, containing a region homologous to cofilin (C) and an acidic region (A), is a dominant inhibitor of Arp2/3 activation (Machesky and Insall, 1998; Rohatgi et al., 1999) . We utilized GST fusion proteins containing the C-terminal (CA) domains for both the WASP protein and the more ubiquitously expressed isoform N-WASP to test whether Arp2/3 activation was required for ARF-dependent actin assembly on the Golgi membrane. Figure 3 shows that addition of either the WASP-CA domain (lanes 2-5) or the N-WASP-CA domain (lanes 6-9) inhibited the ARF/GTPγS-dependent actin binding in a dose-dependent manner. By contrast, the WASP-CA domains had no effect on coatomer binding to the membrane. A control incubation with GST affected neither actin assembly nor coatomer binding (Figure 3, lanes 1 and 11) .
These results indicate that Cdc42 acts through the Arp2/3 complex during ARFdependent actin assembly on the Golgi membranes.
mAbp1 and drebrin define two distinct ARF-dependent actin pools on Golgi membranes
We have previously reported that activation of ARF leads to the binding of at least two distinct actin/actin-binding protein complexes on Golgi membranes (Fucini et al., 2000) .
The two actin-based complexes were differentiated based on their sensitivity to cytochalasin D, whether they could be extracted from the membrane with salt, and whether they contained the actin-binding protein, drebrin (Fucini et al., 2000) . Drebrin was specifically bound to actin upon ARF activation, while other actin-binding proteins present in the cytosol were excluded (Fucini et al., 2000) .
A protein, mAbp1 (SH3p7), has been described that shares homology with the actin-binding domain of drebrin, but unlike drebrin it has a C-terminal SH3 domain (Sparks et al., 1996; Larbolette et al., 1999; Kessels et al., 2000) . Both the mammalian and the yeast homologs of Abp1 as well as other SH3-domain containing actin-binding proteins have been implicated in endocytosis (Wesp et al. 1997; Kessels et al., 2001;  reviewed by . Given a potential role in protein trafficking for both homologs, we decided to further characterize drebrin and mAbp1 levels during ARFdependent actin assembly on Golgi membranes. We generated an antibody against an mAbp1-GST fusion protein (see Materials and Methods). This antibody recognizes a protein of approximately 55 kD that binds to phalloidin polymerized F-actin (Figure 4 , lanes 1 and 2) and labels NRK cells expressing mAbp1 from a plasmid (data not shown).
We used this antibody together with an antibody against drebrin to characterize the binding of both of these proteins to Golgi membranes upon ARF activation (Figure 4) . Surprisingly, although drebrin and mAbp1 share sequence homology through their Nterminal actin-binding domains, we find that they are largely segregated into the two different ARF1-dependent actin complexes on the Golgi membranes. Consistent with our previous findings (Fucini et al., 2000) , drebrin is present in a complex that can be extracted from the Golgi membranes with 250 mM KCl (Figure 4, lane 8) . This complex is sensitive to the actin-depolymerizing toxin cytochalasin D (lane 9). We now find that this drebrin-enriched pool of actin is largely devoid of mAbp1. A second actin pool is resistant to salt extraction from the membrane and is resistant to cytochalasin D treatment (Fucini et al., 2000) . The mAbp1 protein is present exclusively in this cytochalasin Dresistant actin pool (compare lanes 4 and 5). The assembly of both actin structures requires the activity of ARF and thus can be blocked by the addition of BFA (lanes 6 and 10). Hence, ARF activation leads to the assembly of at least two distinct actin pools each with its own unique composition of actin-binding proteins.
Given the ARF-dependent binding of drebrin and mAbp1 to isolated Golgi membranes, we reasoned that these actin-binding proteins may be involved in Golgi function and thus should be found on Golgi membranes in whole cells. In this regard, we have analyzed the subcellular localization of drebrin and mAbp1. Drebrin was found localized throughout the cell (data not shown) and thus could potentially participate in numerous cellular processes including Golgi transport. mAbp1, on the other hand, has previously been shown to localize to membrane ruffles and to the periplasmic region of the cell . This localization was shown to be sensitive to Rac activation. We find that the periplasmic mAbp1 is further enriched at a juxtanuclear structure that colocalizes with the Golgi markers mannosidase II (not shown) and β-COP ( Figure 5 ). We also observe the staining of cell surface structures resembling membrane ruffles or lamellipodia ( Figure 5A ). The subcellular localization of mAbp1 is consistent with a role in Golgi function.
Coatomer-p23 interactions affect the binding of mAbp1 to Golgi membranes
Since both the mAbp1-enriched and the drebrin-enriched actin pools are assembled upon ARF activation, we were interested in mechanisms downstream of ARF that might specify their selective recruitment to the Golgi membrane. We found that inhibiting Rac/Cdc42 activity with toxin B (Figure 6A ) or blocking the activation of the Arp2/3 complex with WASP-CA ( Figure 6B ) prevents the binding of both mAbp1 and drebrin to the Golgi membranes. The GTPase dependence of the mAbp1 recruitment to the Golgi membranes is consistent with the observation that the lamellipodial recruitment of mAbp1 is controlled by signaling pathways leading to the activation of Rho-family GTPases . Exoenzyme C3 has no effect on the binding of either mAbp1 or drebrin indicating again that Rho is not involved in regulating the Golgi actin (data not shown). Although mAbp1 recruitment is cytochalasin D resistant, it does require actin assembly since it is sensitive to latrunculin A (data not shown). Thus, our data indicate that both drebrin and mAbp1 are recruited to the Golgi through the Cdc42/Arp2/3-dependent assembly of actin.
Given that ARF regulates both coatomer binding and actin assembly, we decided to explore whether additional connections exist between coatomer function and the recruitment of the actin binding proteins and regulatory proteins to the Golgi membranes.
For these experiments, we used a γ-COP-binding peptide corresponding to the Cterminus of the putative cargo receptor protein, p23 (Harter and Wieland, 1998; Bremser et al., 1999) . This peptide was shown previously to disrupt the interaction between coatomer and Cdc42 . The p23/p24 family of proteins are abundant integral membrane components of both COPI-and COPII-coated transport vesicles (Schimmöller et al., 1995; Stamnes et al., 1995; Sohn et al., 1996) , and interact with coat proteins via their C-terminal cytosolic domain Sohn et al., 1996; Dominguez et al., 1998) . They may act as receptor proteins for the packaging or quality control of other types of vesicle cargo (Muniz et al., 2000; Springer et al., 2000) . When the p23 C-terminal peptide was added to the incubation, it blocked the ARF-dependent binding of Cdc42 and Rac to the Golgi membranes ( Figure 7A ). The effects of the p23 C-terminal peptide were specific to Rac and Cdc42 since the levels of Rho were unaffected by the presence of the peptide ( Figure 7B ). These results are consistent with our finding ( Figure 2E ) that ARF recruits Cdc42 to the Golgi membrane through its interaction with coatomer.
In addition to analyzing the effects of the peptide on the Rho-family GTP-binding proteins, we have investigated whether the coatomer/Cdc42 interaction influences the association of actin and actin-binding proteins with the Golgi membranes. Figure 7 shows that the addition of the p23 C-terminal peptide blocked the assembly of the mAbp1-containing pool of actin. Addition of the peptide did not block the binding of drebrin to the Golgi membranes (Figure 7 , A and C). Actin levels were reduced, but not completely blocked, upon addition of the peptide, indicating the existence of both a peptide-sensitive and a peptide-resistant actin pool ( Figure 7C ). Coatomer binding was unaffected by the peptide. The inhibition of mAbp1 binding to the Golgi membranes occurs at a peptide concentration between 100 to 500 µM ( Figure 7C ), the same concentration range previously shown to disrupt the binding interaction between coatomer and Cdc42 . Together, these results indicate that the mAbp1-enriched actin, but not the drebrin-enriched actin pool, is regulated by the p23-sensitive interaction between coatomer and Cdc42/Rac.
mAbp1 is involved in protein transport
Disrupting Cdc42 function has profound effects on Golgi trafficking (Kroschewski et al. 1999; Wu et al., 2000; Müsch et al., 2001) . We surmised that these effects could be manifested through the ARF-Cdc42/Rac-Arp2/3-dependent assembly of the mAbp1 actin pool. We tested this directly by examining the effects of exogenously expressed mAbp1 on protein trafficking at the Golgi apparatus. For these experiments, we measured anterograde transport using NRK cells expressing the temperature-sensitive mutant form of the vesicular stomatitis virus glycoprotein (ts045-VSVG).
The temperature-sensitive VSV G protein accumulates in the ER at the restrictive temperature, 39ºC, and is transported from the ER to the Golgi apparatus at the permissive temperature, 32ºC (for examples see Hirschberg et al., 1998; Kroschewski et al., 1999; Wu et al., 2000) . Figure 8B shows that following an incubation at 39ºC, the VSV G protein is accumulated in a dispersed ER compartment. If the cells are then switched to 32ºC, the VSV G is transported to the Golgi apparatus, which can be observed as a compact perinuclear structure ( Figure 8D ). The Golgi localization of VSV G protein following the shift to the permissive temperature was confirmed by demonstrating colocalization with α-mannosidase II (data not shown). In transfected cells overexpressing exogenous mycmAbp1, a significant inhibition of VSV G transport to the Golgi was observed ( Figure 8C and D). A count of three independent experiments showed that while the majority high levels were examined (data not shown). This result is consistent with a role for mAbp1 in coatomer-mediated transport since a similar inhibition of ER to Golgi transport has been observed in both mammalian cells and yeast when COPI vesicle transport is compromised (Peter et al., 1993; Gaynor and Emr, 1997) . Expression of mAbp1 does not lead to general disruption of Golgi morphology as mannosidase II localization is largely unaffected ( Figure 8E and F) . Unlike the endogenous protein (Figure 5 ), the overexpressed myc-mAbp1 protein is localized throughout the cell ( Figure 8A , C and E).
It is possible that this aberrant localization of mAbp1 leads to the improper targeting of other proteins that normally interact with mAbp1 at the Golgi membrane, thus explaining the defects in protein transport. The similarity in defects observed upon disrupting Cdc42 function and disrupting mAbp1 function (Figure 8 ) is consistent with these proteins functioning together in a pathway.
In summary, we have characterized a Golgi-localized actin-binding protein, 
DISCUSSION
What role does actin play in vesicle formation and targeting?
We have uncovered a signaling pathway, initiated by ARF activation that leads to the recruitment of specific actin-binding proteins, mAbp1 and drebrin to the Golgi membrane. Components of this pathway, mAbp1 ( Figure 8 ) and Cdc42 (Kroschewski et al. 1999; Wu et al., 2000; Müsch et al., 2001) , are required for normal protein transport to or from the Golgi apparatus. Our findings suggest specific roles for actin in vesicle trafficking at the Golgi apparatus.
An anticipated role for the cytoskeleton in transport is in the targeting and physical translocation of vesicles or other transport intermediates. In general, two types of mechanisms have been postulated for actin-based translocation of organelles and vesicles. The first involves moving organelles or vesicles along actin microfilaments via myosin motors (Pruyne et al., 1998; Stow and Heimann, 1998) . A second mechanism involves actin comet-tails in which the polymerization of actin itself generates the force to translocate organelles or vesicles (Cameron et al., 2000) . Cdc42, WASP and Arp2/3 are involved in the comet-tail-based movement of endosomal or Golgi-derived membranes (Taunton et al., 2000; Rozelle et al., 2000) .
While we cannot rule out a direct role for ARF-regulated actin assembly in vesicle translocation, we believe our results are more consistent with a role earlier in vesicle assembly. Our results suggest that mAbp1 actin assembly is activated upon recruitment of the coatomer-Cdc42 complex by ARF. Importantly, the presence of cargo proteins is predicted to inactivate this signaling pathway through two mechanisms. First, some types of cargo proteins such as the KDEL receptor (ERD2) may recruit ARF-GAP to the site of vesicle assembly (Aoe et al., 1997) . This would result in the inactivation of ARF and inhibit further coat assembly and actin polymerization. Second, we show in this study that p23 proteins could disrupt the interaction between coatomer and Cdc42 that also would result in an inhibition of mAbp1 binding. The p23/p24 family of proteins can be considered cargo proteins in that they are very abundant in transport vesicles yet they may not be necessary for vesicle formation (Schimmöller et al., 1995; Stamnes et al., 1995; Springer et al., 2000) . Therefore, the pathway leading to mAbp1 actin assembly is very likely most active after coat binding but before cargo recruitment.
Given the timing of mAbp1 actin assembly, we propose that instead of being directly involved in translocation, the mAbp1 actin may be involved in limiting the interactions of a nascent vesicle with the targeting or scission machinery. Coupling these interactions to the presence of cargo proteins could prevent the premature release or translocation of the vesicles. A prediction of this model is that the transport of some proteins may become inefficient, due to the release of incompletely filled vesicles, upon disruption of mAbp1 actin assembly. Such inefficiency could explain some of the trafficking defects observed upon disrupting Cdc42 or mAbp1 function.
With regard to the above model, recent results indicate that the GTP-binding protein dynamin, which is known to play a central role in the release of clathrin-coated vesicles, also binds to the SH3-domains of mAbp1, cortactin, and syndapin (McNiven et al., 2000; Kessels et al., 2001) . The syndapin and mAbp1
interactions are critical for endocytosis Kessels et al., 2001 ).
This raises the possibility that the actin cytoskeleton, together with dynamin, plays a role in regulating vesicle scission . Further studies will be required to test whether actin-binding proteins can regulate dynamin function, vesicle release, and/or vesicle translocation at the Golgi.
The mechanism for actin assembly on the Golgi apparatus
We show that in addition to ARF, actin assembly involves recruitment of activated Cdc42
and/or Rac to the Golgi membrane, and requires activation of the Arp2/3 complex. The ARF-mediated recruitment of Cdc42 to the Golgi membranes occurs through the direct interaction between the γ-COP subunit of coatomer and Cdc42 . The ARF dependence, coatomer dependence, and the sensitivity to γ-COP-binding peptides that we observe for Cdc42 recruitment to Golgi membranes are all consistent with this model. The interaction between coatomer and p23/p24 proteins has also been shown to affect the function of ARFGAP (Goldberg, 2000) , suggesting that occupation of this site on γ-COP may play multiple important regulatory roles during vesicle assembly or targeting (Donaldson and Lippincott-Schwartz, 2000) . Our data indicate that Cdc42 causes actin assembly, and subsequently mAbp1 recruitment, by causing Arp2/3 to become activated. The yeast Abp1 protein was recently shown to activate Arp2/3 directly (Goode et al., 2001) . It is unlikely, however, that the mammalian protein shares this property since it is missing acidic domains required for Arp2/3 activation by the yeast homolog.
Unlike mAbp1 binding to the Golgi membrane, the ARF-dependent assembly of the drebrin-enriched pool of actin was insensitive to the addition of the p23 peptide, even though it was sensitive to the Rho-family inhibitor toxin B. One possibility is that the drebrin-enriched actin pool is assembled by the recruitment of Cdc42/Rac via interactions with a second type of ARF-dependent coat protein that does not interact with p23, such as the AP1/clathrin coats. Another possibility is that a different Rho-family GTP-binding protein mediates the assembly of the drebrin enriched actin pool. In this regard, several novel GTP-binding proteins related to Cdc42 have been described recently (Neudauer et al., 1998; Vignal et al., 2000) .
While our data show a requirement for Rho-family members and Arp2/3 in ARFdependent actin assembly on the Golgi membranes, other studies indicate that ARF acts through PI-4-kinase or PI-5-kinase to mediate changes in the actin cytoskeleton and membrane ruffling (Godi et al., 1999; Honda et al., 1999; Radhakrishna et al., 1999;  reviewed by Mostov et al., 2000) . These two mechanisms for ARF action are not mutually exclusive and it is likely that both PI metabolism and Cdc42-Arp2/3 signaling play a role in ARF-dependent regulation of the actin cytoskeleton on the Golgi membranes (Godi et al., 1998 and Fucini et al., 2000) .
Do vesicle contents and coats direct cytoskeleton-mediated targeting mechanisms?
Given the large number of transport steps in a cell and the relatively small number of vesicle types that have been characterized, it is likely that each type of vesicle will have the capacity to mediate several different trafficking steps. For instance, COPI vesicles have been implicated in both anterograde-and retrograde-directed trafficking at the Golgi apparatus as well as in endosomal trafficking (Daro et al., 1997; Gu et al., 1997; Orci et al., 1997; Pelham and Rothman, 2000) . Our results suggest that the types of cargo proteins entering a vesicle during budding could influence the actin-dependent regulation of the targeting or fission machinery. It is possible that the distinct ARF-dependent actin pools that we observed may mediate different vesicle-type-specific functions.
As the molecular mechanisms involved in vesicle assembly and vesicle fusion become better understood, a remaining challenge is to elucidate the catalytic and regulatory mechanisms that allow precise and efficient sorting and targeting of proteins and lipids so that the correct compartmentalization of cellular components can be maintained over the lifetime of a cell. Clarifying the role of the cytoskeleton and its regulation in protein trafficking will be an important step toward understanding these processes. The recent identification of specific proteins and mechanisms that are involved at the interface between protein trafficking and cytoskeletal regulation will allow for many exciting advances in this area in the near future. and grown at the restrictive temperature (39ºC) for 14 hours (panels A and B). In panels C-F the 39ºC incubation was followed by an incubation at the permissive temperature 
